Introduction
Gram negative, enteropathogenic bacteria cause a wide variety of diseases, ranging from relatively harmless infections to life threatening illnesses (1).
They account for more than 3 million deaths each year, mostly amongst children and immuno-compromised adults in developing countries (2).
Infections usually occur where hygiene is poor as the major route of infection with Salmonella, Escherichia, Yersinia, and Shigella spp. is the consumption of contaminated food (3) and water (4) . Despite significant differences between the distantly related genera, a common macromolecular system, the type III secretion system (TTSS or secreton), is the basis of each infectious cycle. This system consists of more than twenty proteins that form a macromolecular assembly which delivers the bacterial virulence effectors not only across the bacterial inner and outer membranes but also directly into the host cell. The TTSS is well conserved amongst these bacteria whilst the specific properties of the effectors and hence, the resulting symptomatic effects on the host organism vary widely (5) . TTSSs are not constitutively active but are activated to secrete by signals that vary between the different genera but seem to ultimately derive from physical contact between the bacterium and its host cell. Understanding how an activation signal is transmitted in such a complex macromolecular assembly and how it results in secretion is one of the major questions to be answered. Ten of the twenty-five TTS-encoding genes show strong similarity to those that encode the flagellar basal body, indicating a common ancestry (5) .
Insights into the morphology of the system to date are derived from electron microscopy that reveals a supramolecular structure grossly resembling the flagellar hook-basal body complex (6) (7) (8) . The major TTSS structure seen is termed the "needle complex" and spans the inner and outer bacterial membranes with a basal body into which a "needle" (~70Å in diameter, traversed by a central 20-30 Å wide channel) is inserted that protrudes about 500 Å into the extracellular space (8, 9) . Activation of the Shigella TTSSs for secretion seems to require contact of the needle tip with the host cell limiting membrane (7) . It is particularly difficult to understand how such physical contact leads to a change at the cytoplasmic face of the basal body, ~ 800Å away, and results in secretion of proteins through the structure. Gross structural homologies can therefore be added to the genetic resemblance to flagella noted above. Common ancestry has been used to gain insights into the functioning of the TTSSs on the basis of the well-studied flagellar system (10) . However, TTSS homologues for several of the key flagellum building blocks, notably hook protein and flagellin, are lacking. Their absence combined with a lack of any detailed knowledge of the TTSS structures involved, means that the hypothesis of common mode of biological function remains unproven.
This hypothesis implies that the needle of the Shigella TTSS will be made up by a helical arrangement of the 10kD protein MxiH (previously identified to be the major needle component (9, 11) ) with an architecture similar to that shared by both the flagellar hook and filament. MxiH, however, shows no sequence homology to either the hook or filament subunits and is, in fact, a much smaller protein being ~ 1/5 the molecular weight of either of the flagellar proteins. Homology between these two systems leads to the hypothesis (10) that signal transduction will occur via changes in the architecture of the needle since it is known that the flagellar filament is able to switch between different helical forms (12, 13) . To test this predicted homology, we have used X-ray fibre diffraction and electron microscopy based 3D reconstruction techniques to determine the structure of the Shigella flexneri needle at ~16Å. We find that, as the hypothesis predicts, the MxiH subunits making up the needle are arranged in a helical fashion to form an extended cylindrical structure with a central channel. The parameters that describe the geometry of the helix are very similar to those of the flagellar hook (14) and filament (15) , providing strong support for the hypothesis that these two systems share a common architecture and thus common functional mechanisms.
Experimental Procedures Bacterial Strains & Growth
The Shigella flexneri serotype 2a non-polar null mutant for mxiH Capillaries were then mounted in the beam at station 14.2 of the SRS, Daresbury and images collected on an ADSC scanner using λ=0.96 Å, d=407 mm, ∆φ=0 degrees and exposure=300 s.
Preparation of Purified Needle Samples

Electron Microscopy Data Collection
Negative staining of isolated needles for electron microscopy:
Purified needles were diluted 1/250 in 10mM Tris, pH 7.5. An aliquot of 5µl
was deposited for 1 minute on glow-discharged carbon-coated copper grids.
After removal of the excess liquid with filter paper, the sample was stained with a drop of 2% uranyl acetate (pH 7.5).
Observation and image acquisition:
The needles were observed with a defocus value of -700 nm in low-dose electron beam conditions (≈10 e -/Å 2 ) on a Philips CM12 TEM at 120 kV.
Micrographs were recorded at 60,000x magnification on Kodak S0163 films.
Digitization and image processing preparation
Images were scanned on a Eurocore Hi-SCAN rotating drum scanner at 1600 dpi resolution. Individual filaments were selected using EmTool (http://ncmi.bcm.tmc.edu/ncmi/software), and image analysis was carried out using SPIDER/WEB (18) software package. 3D reconstructions were done within SPIDER using the Iterated Helical Real Space Reconstruction Method (IHRSR) (19) .
Image Processing and Electron Microscopy Reconstruction
Approximately 10,000 segments (each 100 pixels or ~ 265 Å long) were extracted from micrographs of the mutant filaments, and roughly 5000
segments from wild-type needle complexes (9) . The averaged power spectrum was computed for each group of images after only allowing rotations of the individual segments to make the filament axis vertical. This is because the power spectrum is invariant under translations, surmounting the need to align particles. The intensities of the power spectra from each individual segment were simply added to produce an averaged power spectrum. Resolution was determined by generating two reconstructions, each from half of the image segments, and comparing the correlation of Fourier coefficients from these two reconstructions within resolution shells.
The coefficient of correlation dropped below 0.5 at a resolution of 12.5 Å, but a significantly more conservative value of 16 Å was used for filtering the final volume.
Results
Purity of the Needle preparation allows Biophysical Studies
The prerequisite for the majority of biophysical techniques is a highly purified and concentrated sample of the structure to be studied. To facilitate such studies of the Shigella flexneri needles we used a Shigella mxiH-strain harbouring a plasmid carrying mxiH under an inducible promoter (hereafter called mxiH-/mxiH+++). This strain can be induced to hugely over-express the needle subunit MxiH. Over-expresion of MxiH produces a phenotypic change in the TTSS with the mean needle length changing from ~500Å in the wild type bacteria to ~3,000Å in the mutant (11). Using the protocol described above needles (3,000Å in length on average) could be shaved from the mutant bacteria and purified to greater than 95% homogeneity as demonstrated by SDS-PAGE and electron microscopy analysis (Figure 1 ).
X-ray Fibre Diffraction Analysis
X-ray fiber diffraction (XRFD) can be a useful method for determining helical parameters of filamentous assemblies, as well as for obtaining constraints in building pseudo-atomic models of helical polymers when only the atomic structure of a monomer is known (20) . Unfortunately, no atomic structure exists yet for MxiH. However, XRFD has been used on the needles to provide information that is complementary to that obtainable by electron microscopy (see below). The key to recording high resolution XRFD data is the preparation of a highly ordered, highly concentrated sample of the macromolecular complex to be studied, i.e. preparation of the biological molecule in the form of a liquid crystal. We used a variation on the method of 
Reconstruction of the Needle Structure from Electron
Micrographs
To obtain more detailed structural information about the needle we collected a series of electron micrographs from negatively stained specimens. Attempts to use conventional methods of helical image analysis and three-dimensional reconstruction (21) were not successful, due in part to the very weak contrast provided by these thin polymers. Long segments could not readily be found that consistently showed the multiple layer lines needed for Fourier-Bessel methods. Instead, a single-particle approach was used (19) , based on analyses of overlapping segments extracted from the micrographs (where each segment was ~265 Å long for the mutant and ~220 Å long for the wild- .
The reconstruction is reasonable when a threshold is chosen that encloses this volume. If a threshold is chosen that encloses a much smaller or larger volume, the reconstruction is no longer reasonable (e.g., connectivity is lost, the stain filled volume in the centre is eliminated, etc.) suggesting that there is a single copy of MxiH per asymmetric unit.
Discussion
Common ancestry of the TTS and flagellar systems led to the proposal (10) that there must be TTSS homologues of either flagellin and / or the hook proteins. Our data show that the needle has the same architecture (~5.6 subunits per turn, ~24Å helical pitch - Table 1 ) as the flagellar filament (12, 15) and hook (14) implying that MxiH and the flagellar hook protein and flagellin must be structural, although not sequence, homologues of one another. This is somewhat surprising, given the huge difference in the size of these two proteins (MxiH is 83 amino acids long, flagellin is 494 aa and the hook protein 402 aa). However, the 3D reconstruction of the flagellar filament (13, 15) shows homologies other than similarities of helical parameters to our needle structure. Briefly the flagellar filament structure can be divided into a series of different domains, D0 -an inner tube of ~70Å diameter, with a central channel of ~20Å, D1 the outer tube which surrounds D0 and has an outer radius of ~130 Å and D2 and D3 which project outwards from the helical axis. Fitting of an X-ray crystallographic structure for flagellin into this EM reconstruction (13) allowed Yamashita et al. to determine that the D0 domain was made up of the N and C termini of flagellin (which were not present in the X-ray model as they needed to be truncated to prevent the protein from polymerising). The size and helical architecture of the inner, D0, tube is very similar to the structure we present here for the Shigella needle.
The question therefore arises as to whether the Shigella protein MxiH shares any homology with the termini of flagellin? Although we cannot detect any sequence homology, there is some degree of homology at the level of predicted secondary structure (using programs such as PredictProtein/PHDsec (23-25) and JPred (26)) since we find that the N and C termini of MxiH and flagellin (as well as those of the periplasmic rod, hook and filament junction proteins) give strong predictions for α-helices at their termini. Our data therefore suggest that the needle represents the minimum core required to build a helix of this size with this architecture. In contrast, the flagellin subunit contains a large inserted domain between the N and C termini that is not required for helix formation but presumably relates to functions strictly required for flagellar filaments.
Extending the homology with the flagellar system it was proposed that the assembly of MxiH into the Shigella needle would require the presence of a "cap" at the needle tip (10) . Located at the end of the assembling structure the cap would aid construction by forcing consecutive subunits into the correct position within the helix (27) . This cap protein will be present in the needle complex at such low molar ratio to MxiH (and is likely to be of a similar size) that it is not surprising that we do not biochemically detect it in our purified needles. Further experiments will be required to address this issue.
The hypothesis of common ancestry is primarily attractive in providing a mechanism by which secretion may be switched on by the tip of the Shigella needle contacting a host cell (10) . The mechanism by which a signal is propagated from the needle tip to the ATPase, putatively located at the base of the basal body some 800Å distant is difficult to understand on a molecular level. The flagellar filament is able to switch helical forms depending on the direction of motor rotation or in response to the chemical environment (28) . Switching is thought to be linked to small changes in the conformation of the flagellin subunit leading to gross architectural changes in the filament as a whole (12) . This, in turn, leads to changes in the supercoiling of the filaments within the flagellum and thus transmits the change in motor direction to the rotating flagellum. The idea that this helical architecture might be poised to switch between different conformational states suggests that the effect of contact of the needle with the host cell may be to switch the helical state of the needle -thus producing a signal which is, almost instantly, transmitted to the basal end of the needle and the proteins associated with the basal body.
Whilst this functional hypothesis remains to be proven, our structure, in demonstrating that the Shigella needle equates to at least the D0 domain of the flagellar filament, provides strong support to the hypothesis that contactactivated secretion by Shigella is sensed by changes in the architecture of the needle itself. This remains to be confirmed by studies of activated needleshowever these are likely to be difficult, as preparation of homogenous, highly concentrated samples of activated needles presents many experimental challenges that will need to be overcome.
We can now combine all structural information about the Shigella needle to present the model for the Shigella TTSS shown in Figure 4c . This illustrates the global assembly of the TTSS and reinforces the structural similarities to the flagellar hook-basal body complex raising interesting questions on how substrates are recruited, partially unfolded and secreted. In particular, understanding the nature of the interfaces between the basal body and the needle, and that between the needle and its putative cap, which may allow a signal to be transduced to produce secretion, remains an interesting challenge.
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